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Abstract. By means of interferometic 21-cm observations and a 3D kinematic modeling tech-
nique, we study the gas kinematics of six H i–rich ultra-diffuse galaxies (UDGs). We derive
robust circular velocities and baryonic masses, that allow us to study the position of our UDGs
with respect to the baryonic Tully-Fisher relation (BTFR). Somewhat surprisingly, we find that
these galaxies are strong outliers from the BTFR, rotating too slowly for their baryonic mass.
Moreover, their position in the circular velocity–baryonic mass plane implies that they have a
baryon fraction inside their virial radii compatible with the cosmological mean, meaning that
they have no “missing baryons”. Unexpectedly, the dynamics of our galaxies are dominated by
the baryons, leaving small room for dark matter inside their discs.
Keywords. galaxies: dwarf — galaxies: formation — galaxies: evolution — galaxies: kinematics
and dynamics — dark matter
1. Introduction
H i–kinematics play a major role in our understanding of galaxy formation and evolu-
tion. In particular, H i rotation curves allow us to study the rotation of galaxies and the
distribution of matter inside them (e.g. de Blok 1997; Swaters 1999; Noordermeer 2006).
Despite this, H i observations remain on very early stage in one of the most studied
galaxy populations in the last years: ultra-diffuse galaxies (UDGs, van Dokkum et al.
2015). While this long-ago discovered population (e.g. Impey et al. 1988) has been char-
acterized relatively well with deep imaging (e.g. Mihos et al. 2015; van der Burg et al.
2016; Roma´n & Trujillo 2017; Greco et al. 2018; Mancera Pin˜a et al. 2019a, and references
therein), most of what we know from their H i kinematics come from a few, single-dish
based, studies (e.g. Leisman et al. 2017; Spekkens & Karunakaran 2018). Expanding this
line of investigation is essential to try to understand why these galaxies have effective
radii of normal spiral galaxies but surface brightness of the faintest dwarfs, and if they
show any other unusual property.
Leisman et al. (2017) carried out the most systematic study of H i in UDGs up to date,
by studying the sources in the ALFALFA catalogue (Giovanelli et al. 2005) that meet
the optical definition for being a UDG. Studying such sample, the authors realized that
those galaxies have a global H i profiles narrower than galaxies of similar masses, what
may suggest that their H i–rich UDGs rotate more slowly than expected. However, such
profiles were not corrected for inclination, as the latter is usually unfeasible to estimate
from optical images due to the low surface brightness nature of this galaxies, and in
general global profiles are not as reliable as rotation curves. Leisman et al. (2017) also
had resolved H i data for three galaxies, but 2D approaches in low-resolution data as
theirs tend to lead to unreliable kinematics due to beam smearing (e.g. Bosma 1978; Di
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Teodoro & Fraternali 2015). Given this, the question of whether or not UDGs have a
different kinematic signature than other galaxies with similar masses remains open.
In order to give a more conclusive answer to such question, in this work we undertake
3D kinematic modeling, unaffected by beam smearing, of resolved H i data of six H i–rich
UDGs. The talk on which this text is motivated is based on the work by Mancera Pin˜a
et al. (2019b).
2. H i and optical data
Our H i observations come from two radio telescopes, the Karl G. Jansky Very Large
Array (VLA) and the Westerbork Synthesis Radio Telescope (WSRT). We have a typical
spatial resolution of 2 independent beams per galaxy side, and a spectral resolution of ≈
4 and 6 km s−1 for the VLA and WSRT data cubes, respectively.
We complement this with deep optical imaging of our sources, obtained with the One
Degree Imager on the 3.5-meter WIYN telescope at the Kitt Peak National Observatory.
Specifically we observe our galaxies using the g and r filters with a total integration time
of 45 minutes per filter.
Detailed information on the observing strategies, data reduction process and charac-
terization of the data can be found in Leisman et al. (2017) and Gault et al. in prep.
Using the data cubes and the distances to the galaxies reported in Leisman et al. (2017),
we can derive the H i mass of our UDGs. This measurement is rather accurate: H i
fluxes can me measured with good precision from the data cube and the distances to
our sample are distant enough (mean distance ∼ 90 Mpc) to be well represented by the
Hubble flow distance with reasonably small uncertainties. We estimate the total mass
in gas by correcting for the presence of helium, Mgas = 1.33×MHI. The stellar mass is
obtained by means of the M/L–color relation by Herrmann et al. (2016), with magnitudes
measured from our WIYN images. Then, we combine the gass and stellar mass to derive
the baryonic mass, which is mainly given by the gas mass (mean Mgas/M? ≈ 15), and
therefore basically unaffected by any possible systematics while estimating the stellar
mass.
3. 3D gas kinematics
Given the low spatial resolution of our sample, rotation velocities derived with conven-
tional 2D methods would be strongly affected (e.g. Bosma 1978). To mitigate this effect,
we use the software 3DBarolo (Di Teodoro & Fraternali 2015), which is largely unaffected
by beam smearing since it fits tilted ring models directly to the data-cube instead of to
the velocity field.
Since the rotation velocity and velocity dispersion will be left as a free parameters for
the kinematic modelling of 3DBarolo, we need to specify the position angle and inclination
of the galaxies. The position angle is estimated by finding the orientation that maximizes
the amplitude seen in the position–velocity diagram. The inclinations are derived by
minimizing the residuals between the observed total moment map of each galaxy, and
the total moment maps of models of the same galaxy projected at different inclinations
between 10◦–80◦. We test this method in a sample of 32 dwarf rich galaxies drawn from
the APOSTLE hydrodynamical simulations (Fattahi et al. 2016; Sawala et al. 2016), that
are “observed” at similar S/N and resolution as our data using the martini software
(Oman et al. 2019, version 1.0.2). We find that we can recover the position angle and
inclination within ± 8◦ and ± 5◦, respectively, as long as the inclination of the galaxy is
Baryon dominated UDGs 3
20 0 20
Offset [arcsec]
40
20
0
20
40
V
L
O
S
 [k
m
/s
]
AGC 248945
-40 -20 0 20 40
Offset [arcsec]
-30
-15
0
15
30
AGC 749290
20 0 20
-30
-15
0
15
30
V
L
O
S
 [k
m
/s
]
AGC 114905
20 0 20
40
20
0
20
40
AGC 219533
40 20 0 20 40
40
20
0
20
40
AGC 122966
50 0 50
Offset [arcsec]
40
20
0
20
40
AGC 334315
Figure 1. PV slices along the major axes of our galaxies. Black and red contours show the data
and best-fit tilted-rings model obtained with the software 3DBarolo, respectively. The yellow
points show the recovered rotation curves.
larger than 30◦. These uncertainties do not produce a significant effect in the recovered
rotation velocities.
With the position angle and inclination fixed, we run 3DBarolo in our UDGs. For our
six galaxies 3DBarolo converges and the best-fit model seems to well represent the data, as
shown in Figure 1. We use 3DBarolo to convert our rotation velocities to circular speeds by
means of the asymmetric drift correction (see Iorio et al. 2017). This correction turns out
to be very small for all the galaxies (6 2 km s−1), mainly because the galaxies show low
velocity dispersions, as it can be glimpsed from the narrowness of the position-velocity
diagrams.
4. Results and discussion
4.1. UDGs in the Mbar −Vcirc plane
With the baryonic masses and circular velocities of our UDGs, we are in position to study
the Mbar −Vcirc plane, where galaxies follow remarkably tightly the baryonic Tully-Fisher
relation (BTFR, e.g. McGaugh et al. 2000, 2005). In Figure 2 we show our galaxies in
such plane, together with galaxies from the SPARC (Lelli et al. 2016), LITTLE THINGS
(Iorio et al. 2017) and SHIELD (McNichols et al. 2016) samples. While these last three
samples follow the BTFR, our H i–rich UDGs are clear outliers well above the relation,
with circular velocities too low for their baryonic masses.
Before discussing the possible implications of this result, one may wonder how robust
are our measurements and if the position of our galaxies is compatible with the BTFR
in any possible way. Here we briefly discuss why this is not the case and how possi-
ble systematics in the circular velocities or baryonic masses cannot solve the observed
discrepancies:
• Could Mbar be overestimated? Given the small importance of the stellar mass, any
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Figure 2. Mbar −Vcirc plane. Galaxies from the SPARC, SHIELD and LITTLE THINGS lie
on top of the BTFR. The pink area shows the 99% confidence interval of an orthogonal dis-
tance regression to the SPARC sample. H i–rich UDGs are outliers of the BTFR, in a position
consistent with having no missing baryons. Taken from Mancera Pin˜a et al. (2019b).
possible systematic in the baryonic mass should be related with the H i component,
which depends on the flux and distance. The fluxes from H i line observations can be
measured with good accurancy, and we find results compatible with the ALFALFA single-
dish observations (Leisman et al. 2017). The distances come from the Hubble flow, and
given the mean distance of ∼ 90 Mpc, peculiar velocities can be neglected, making the
systemic velocities of our galaxies a reliable measure of their distances. Therefore, an
overestimation of a factor 10–100 is completely excluded.
• Could Vcirc be underestimated? The circular velocity depends mainly in the ob-
served rotation velocity and the assumed inclination. As suggested by Figure 1, we find
rotation velocities consistent with flat rotation curves; more importantly, our rotation
curves are very extended, with an outermost radius ∼ 8 − 18 kpc depending on the
galaxy. Rotation velocities measured at such large radius are already tracing the flat
part of the rotation curve for any plausible dwarf-galaxy dark matter halo (e.g. Oman et
al. 2015, see their Fig. 2). Regarding the inclination, all our galaxies would need to be
nearly face-on (inclination ≈ 10◦–20◦), which is very unlikely and incompatible with the
observed H i maps. Finally, it is worth stressing that non-circular motions cannot sys-
tematically bias the recovered circular velocities towards lower values (Oman et al. 2019).
Given all of the above, we conclude that the position of our H i–rich UDGs are robust
and indeed these galaxies do not follow the BTFR. This result is in agreement with the
suggestion by Leisman et al. (2017) of UDGs rotating more slowly that galaxies with
similar mass.
MOdified Newtonian Dynamics (MOND, e.g. McGaugh et al. 2005; Milgrom 2007)
predicts that, if galaxies are in dynamical equilibrium and relatively well isolated, they
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should follow the relation Mbar ∝ V4circ. Our galaxies should have had enough time to be
in equilibrium even if all of them interacted with their nearest neighbor, and by selection
are isolated. However, they do not follow the BTFR, and may present a challenge to
MOND.
4.2. The baryon fraction of H i–rich UDGs: no “missing baryons”
While the result of the UDGs being off the BTFR is already surprising, their position in
the Mbar −Vcirc plane reveals something else. The black dotted line in Figure 2 shows the
relation between the circular velocity at the virial radius and the virial mass of a galaxy
halo (dark matter plus baryons, Mvir/M ≈ 4.75 × 105 (Vvir/km s−1)3, cf. McGaugh
2012). If multiplied by the cosmological baryon fraction (fbar ≈ 0.16), it gives rise to
a relation where galaxies with a baryon fraction equal to the cosmic mean should lie,
indicated by the grey solid line. Unexpectedly, the position of our galaxies are consistent
with this line, indicating that they have the cosmological baryon fraction, meaning that
they are compatible with having no “missing baryons”.
This result is in principle counterintuitive: these galaxies are dwarfs, with relatively
weak potential wells, and are mostly made of gas. How could they have retained all of
their baryons? Our idea, motivated also by the currently weak gas heating indicated
by the low velocity dispersions, is that feedback processes have been rather inefficient,
and the galaxies have not ejected a significant amount of gas, or they have promptly
re-accreted it.
4.3. Low dark matter content
Since our galaxies seem to have more baryons than usual, and yet they rotate slowly
compared with galaxies of similar masses, a natural question is how is the dark matter
content of this galaxies. To study this we derive the dynamical mass of our galaxies, using
the relation Mdyn(R < Rout) = V
2
circ Rout/G, with Rout the radius of the outermost point
of the rotation curve. Or sample has a mean Rout/Rd = 4, with Rd the optical disc-scale
length. Then, we compute the baryonic to dynamic mass ratio (Mbar/Mdyn). We find that
our galaxies have a ratio much higher than expected, very close to unity, indicating that
the baryonic mass dominates the dynamics of these galaxies. In fact, our measurements
imply that our galaxies have, inside their discs, dark matter fractions smaller than 0.5
and compatible with 0, meaning that they have little room, if any, for dark matter. This
is contrary to what is observed in most low surface brightness galaxies, where the dark
matter dominates at all radii.
Recently, based on the velocity dispersion of their globular clusters, the UDGs NGC1052-
DF2 (van Dokkum et al. 2018; Danieli et al. 2019) and NGC1052-DF4 (van Dokkum et
al. 2019) have been claimed to have none or little dark matter, but some concerns exist
regarding their distances and environments (Trujillo et al. 2019; Monelli & Trujillo 2019).
Our UDGs have robust distances from their recession velocities and are relatively isolated
(mean distance to nearest neighbor ∼ 1 Mpc), mitigating these concerns. Perhaps they
could be subject to different systematics, but demonstrate that there may indeed exist
a population of unusually dark matter-deficient galaxies.
The dynamical properties here shown, namely the shift from the BTFR and the low
dark matter content are similar to those in tidal dwarf galaxies (Lelli et al. 2015). Given
the isolation and blue colors of our UDGs a possible tidal dwarf origin for all of them
does not seem likely. However, testing further this hypothesis is hard with the current
data.
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